The molecular structures of vanillin (4-hydroxy-3-methoxybenzaldehyde), isovanillin (3-hydroxy-4-methoxybenzaldehyde) and ethylvanillin (3-ethoxy-4-hydroxybenzaldehyde) were determined by means of gas electron diffraction.
Introduction
Recently, we have been focusing on the structure determination of some bioactive compounds including odorant molecules and have investigated the geometrical structures and conformational properties of minty compounds, menthol and carvone, as well as isomenthol, that is the non-minty isomer of menthol, by means of gas electron diffraction [1, 2] . The conformation of carvone has been further studied by laser-jet spectroscopy [3] . Vanillin (4-hydroxy-3-methoxybenzaldehyde) and related molecules, isovanillin (3-hydroxy-4-methoxybenzaldehyde) and ethylvanillin (3-ethoxy-4-hydroxybenzaldehyde) , have been chosen as the second group of targets of this project in the present study (see Fig. 1 ). Vanillin is included in the vanilla bean extract and has a characteristic vanilla odor and ethylvanillin has a stronger vanilla odor than vanillin. On the other hand, isovanillin has almost no, if any, odor of vanilla.
The recognition of vanillin and ethylvanillin by their olfactory receptors has been investigated by Touhara and co-workers recently [4] . They identified the receptor of eugenol (a compound with a odor of clove), mOR-EG, and that of ethylvanillin, mOR-EV, and measured the sensitivity of various odorant molecules that have the structural resemblance to ethylvanillin and eugenol, to these receptors . Their results showed that vanillin and isovanillin are recognized by mOR-EG and mOR-EV differently. Vanillin is more sensitive than ethylvanillin to mOR-EG, but the order is reversed for their sensitivity with mOR-EV. No other compound than vanillin and ethylvanillin was recognized by the ethylvanillin receptor, mOR-EV [4] .
Although it has been pointed out that the stereochemical structure of odorant molecule is the essential factor in the molecular recognition by olfactory receptors, most of the discussions are not based on the experimentally determined geometrical structures of the odorant molecules, and it is expected that the reliable molecular structures of them will contribute to the investigation of the molecular recognition by the receptors.
As for vanillin and isovanillin, X-ray diffraction studies of crystal have been reported [5, 6] . However, the solid-phase structures are not suitable for the study of the structure-function relationship of bioactive molecules, because they are subject to the distortion caused by the packing effect. In the present study, the molecular structures and conformation of the title compounds have been investigated by means of gas electron diffraction and theoretical calculations in order to provide the "distortion-free" structural parameters.
Experimental
The samples of vanillin, isovanillin and ethylvanillin with purity of 99% were purchased from Aldrich Chemical Co. and were used without further purification.
Electron diffraction patterns were recorded on 8 in. × 8 in. Kodak projector slide plates with an apparatus equipped with an r 3 -sector [7] . The camera distance was about 244 mm to cover the s-range sufficient for the molecules of this size. These samples have insufficient vapor pressure for the electron diffraction experiment at room temperature, in spite of their distinct smells. Therefore, the samples were heated by using the nozzle reported in Ref. [8] . The acceleration voltage of incident electrons was about 37 kV and the electron wavelength was calibrated to the r a (C=S) distance of CS 2 (1.5570 Å) [9] .
Other experimental conditions are summarized in Table 1 . The photographic plates were developed for 4.5 min. in a Dektol developer diluted 1:1. The photometry process was described in detail elsewhere [10] . The experimental intensities and backgrounds are available as Supplementary Information (Table S1 ).
Elastic atomic scattering factors were calculated as described in Ref. [11] , and inelastic ones were taken from Ref. [12] . The experimental molecular scattering intensities are shown in Fig. 2 with the final calculated ones. A diagonal weight matrix was used in the least-squares analysis on the molecular scattering intensities.
Theoretical calculations
Possible conformers. The planar skeleton can be assumed for the case of vanillin and isovanillin, and hence, conformational variation is brought about by the combination of the internal rotation by 180° of the three single bonds, C ring -CHO, C ring -OMe and C ring -OH. The geometrical optimizations of the various conformers of vanillin at the MP2(frozen core)/6-31G** level of theory revealed that the energies of the two conformers shown in Fig. 1 are lower than those of other conformers by more than 20 kJ/mol. This is fully consistent with the results of the calculations by using the MP2 and B3LYP methods with the similar basis set, 6-31G* reported by Velcheva and Stamboliyska recently [13] . These results seem reasonable because the methoxy and hydroxyl groups of these conformers are oriented so that an intramolecular hydrogen bond is formed between the hydroxyl H and the methoxy O atoms. Therefore the possibility of the other conformers was ruled out and only these conformers were considered in the following analysis. They are labeled s-cis and s-trans according to the orientation of the aldehyde group with respect to the methoxy group (see Fig. 1 ). The Tables 2 to 4 . The relative abundance of the conformers at the nozzle temperature for each molecule was estimated by using the obtained energies as listed in these Tables. It is worth noting that the energy difference between the s-trans and s-cis conformers of isovanillin (0.08 kJ/mol) is significantly smaller than the corresponding values of vanillin and ethylvanillin (4.73 to 5.04 kJ/mol). This will be discussed later.
The vibrational calculations for all the possible conformers shown in Fig.1 were carried out with the B3LYP method and the 6-31G** basis set. The obtained Cartesian force constants were used for the following normal vibration analysis.
Analyses
Normal vibration analysis. The Cartesian force constants obtained by the B3LYP/6-31G** calculations were transformed into the force constants, f ij , for the internal coordinates. The theoretical f ij 's of vanillin were modified by the scaling method so as to reproduce the experimental vibrational wavenumbers obtained from the IR spectrum measured in the CCl 4 solution [15] . The linear scaling formula f ij (scaled) = (c i c j ) 1/2 f ij (unscaled) was used where c i is a scale factor [16] . The definitions of internal coordinates with the resultant scale factors are listed in Table S2 of Supplementary Information. The observed and calculated vibrational wavenumbers are listed in Table S3 of Supplementary Information. The obtained scale factors, c i , of vanillin were used to calculate the force constants, f ij , of isovanillin and ethylvanillin.
The scale factor c of 0.92 was assumed for the ethoxy group related internal coordinates of ethylvanillin, for which there is no corresponding value of vanillin.
Analysis of electron diffraction data.
The following treatments were adopted on the results of the MP2/6-31G** geometry optimizations in order to reduce the number of adjustable parameters: (1) planar skeletons were assumed with the exception of the s-cis-gauche and s-trans-gauche conformers of ethylvanillin, for which the planarity was not assumed for the ethyl group; (2) the differences among the ring C-C bonds and the 3 and C 1 -C 6 -C 5 , were set equal to their theoretical values; (7) the C-C(=O)-H angle in the aldehyde group was assumed to be equal to that of benzaldehyde, 115.1° [17] ; (8) the C ring -O-H angle was assumed to be equal to that of phenol, 106.4° [18] ; (9) the C ring -H bonds were assumed to bisect the C-C-C angle; (10) the angles in the methyl or ethyl group containing the C-H bond were set equal to their theoretical values. For the s-cis-gauche and s-trans-gauche conformers of ethylvanillin, the additional treatments were adopted as follows: (11) the ethyl torsional angle, C 3 -O 9 -C 10 -C 11 , was set equal to their theoretical values; (12) the torsional angle, C 2 -C 3 -O 9 -C 10 , was set equal to their theoretical values. The assumption (11) had to be adopted because a reasonable convergence of the least-squares fitting could not be obtained when this dihedral angle was varied, contrary to our initial expectation to determine it. The independent parameters and the constraints are summarized in Tables   5 to 7. Mean amplitudes, l, and shrinkage corrections, r a -r α [19] , were calculated from the above-mentioned scaled force constants. The model of small-amplitude vibrations was adopted. The mean amplitudes were adjusted in groups. The groups were separated according to the r a distances of the atomic pairs. The differences among the mean amplitudes in each group were fixed at the calculated values. Table S4 of Supplementary Information list the mean amplitudes with the corresponding r a distances.
The anharmonicity parameters, κ [20] , for bonded atom pairs were estimated in a diatomic approximation, κ = (a/6)l 4 [21] , where the Morse parameter, a, was assumed to be 2.0 Å -1 . Those for nonbonded atom pairs were assumed to be zero.
Results and discussions
All the effort to determine the s-cis over s-trans abundance ratio of vanillin (trying various set of constraints, for example) were in vain: the uncertainty of the abundance (3 σ) exceeded the absolute value of the abundance of the s-trans, or the abundance of the s-trans resulted in a negative value. So, it was decided to fix the s-cis over s-trans ratio of vanillin as well as isovanillin at the theoretical value obtained from the MP2/6-31G** calculations (81/19 for vanillin and 51/49 for isovanillin, see Tables 2   and 3 ). On the other hand, a significant result was obtained in determining the trans vs. The MP2/6-31G** calculations predicted the relative stability for the two conformers of isovanillin quite differently from that of vanillin. The calculated energy difference between the s-trans and s-cis conformers of vanillin is about 5 kJ/mol and that of isovanillin is less than 0.1 kJ/mol (see Tables 2 and 3 ) and consequently, the predicted abundance ratio of the conformers for the latter is about 1:1. Although these conformational properties are not supported experimentally but totally theoretical, it is worthwhile to try giving them a qualitative (and speculative) explanation by means of a quite simple model. According to the atomic charge distribution obtained from the natural population analysis [22] , the electric dipole of the aldehyde group of vanillin and isovanillin lies commonly on the C 7 =O 8 bond with the positive charge end at the position of the C 7 atom. On the other hand, the electric dipole of the rest of the atoms in vanillin has a comparable magnitude and it lies approximately on the C 3 -C 4 bond with the positive end at the position of the C 3 atom independently of the conformation (s-cis and s-trans). Therefore, the two electric dipoles of the s-cis conformer are directed in a counter parallel manner so that this conformer is expected to have lower energy than the s-trans conformer, whose electric dipoles are directed perpendicularly. For isovanillin, however, the positive end of the electric dipole is at the position of the C 4 atom and hence the relative relationship of the two dipoles of the s-cis conformer is parallel and that of the s-tans is perpendicular, anticipating the higher energy for the s-cis conformer than the s-trans. Of course, this explanation is too simplified, because this model predicts that the conformational stability of the s-cis and s-trans conformers of isovanillin is opposite to that of vanillin, whereas the actual calculated energy for the s-trans of isovanillin is still slightly higher than that of the s-cis. However, more sophisticated explanation is out of the scope of the present work, and above all, the conformational properties of these molecules should be further investigated with spectroscopic methods. Table 8 lists the obtained structural parameters for the s-cis conformer of vanillin and isovanillin and those for the s-cis-trans conformer of ethylvanillin. Experimental radial distribution curves with residuals are shown in Fig. 3 . The resultant R-factors 1 were 0.044, 0.054 and 0.047 for vanillin, isovanillin and ethylvanillin, respectively. The indices of resolution, k, 2 for them were 0.94±0.02, 0.86±0.02 and 0.88±0.02, respectively.
The correlation matrices are listed in Table S5 of Supplementary Information. It was common to all the three molecules that only one element of the correlation matrix,
, had the absolute value larger than 0.9.
The theoretical structural parameters obtained from the MP2/6-31G** and B3LYP/6-31G** calculations are compared with the experimental ones in Table 8 . For the bond lengths, the C-O and C-C bonds showed satisfactory agreement between the experimental and theoretical values, but the calculations failed to reproduce the C-H/O-H and C=O bond lengths. As for the bond angles, disagreement was found for some bond angles such as ∠C-O-C, ∠C 2 -C 1 -C 7 and ∠C-C=O. It should be also noted that there is no significant difference between the MP2 and DFT structural parameters in regard to the agreement with the experimental results.
For vanillin and isovanillin, the structural parameters obtained form the X-ray diffraction studies [5, 6] are compared in Table 9 . There are some amounts of differences between the gas-phase and crystal values of many structural parameters.
Among them, the most characteristic ones are found for the C-C=O and C-O-C angles.
The values of the C-C=O angle for the crystal, 126.1±0.2° and 125.3±0.5° for vanillin and isovanillin, respectively, are significantly larger than the corresponding gas-phase values, 119.4±1.6° and 121.1±2.4°. The large C-C=O angles in the crystal might be due to the intermolecular hydrogen bond between the C=O and O-H groups.
Finally, the structural parameters obtained in the present study are compared with those of the related molecules, benzaldehyde [17] , anisole [23] and phenol [18] , in Table   10 . Most of the corresponding parameters are in moderate agreement with each other.
Therefore it can be concluded that the mutual influence between the side chain groups, aldehyde, methoxy, hydroxyl and ethoxy, on the structural parameters is not very large. Bond angles (°) See Fig. 1 for the atom numbering and the definitions of the conformers. Fig. 1 for the atom numbering. c r g and ∠ α of the s-cis conformer (present study). Error limits are 3 σ.
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d r g and ∠ α (Ref. [17] ). e r g distances were calculated from the r a distances and mean amplitudes reported in Ref. [23] . No shrinkage correction was applied for the bond angles.
f r g and ∠ α (Ref. [18] ). The theoretical curves were calculated from the best-fit parameters. 
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